The chemical and stable isotopic compositions of natural gases from Jiannan Gas Field, Sichuan Basin, China, were investigated to elucidate the origin of the gas and to reconstruct the reservoir filling history. The natural gases in Jiannan Gas Field are dominated by CH 4 with low amounts of non-hydrocarbon (e.g. CO 2 , H 2 S and N 2 ) components. The stable carbon isotope compositions of methane and its homologues vary widely, with an isotope trend of δ 13
INTRODUCTION
Recent advances in petroleum exploration in Chinese sedimentary basins were attributed to the continuous investigations into the formation and accumulation mechanisms of oil and gas in marine carbonate strata (Jin, 2012) . A couple of notable examples are the recently discovered giant Puguang gas field (Ma et al., 2007) and the Jiannan gas field. These advances have made the Sichuan Basin extremely active for gas exploration. By the end of 2007, proven gas reserves had reached up to 13,000×10 8 m 3 in the marine carbonate strata in the Sichuan Basin (Jin, 2012) . Since Chinese marine carbonate strata were mainly deposited before the Mesozoic in a tectonically active setting, they have experienced multiple phases of thermal and tectonic events, which in turn have induced multiple periods of hydrocarbon generation, secondary oil cracking, multi-episodes of hydrocarbon accumulation and readjustment (Jin, 2010) .
Origin and filling model of natural gas in Jiannan Gas Field, Sichuan Basin, China
Figure 2. Generalized stratigraphic column showing petroleum system elements in the Jiannan Gas Field (take Well Jianshen 1 as an example).
The Jiannan anticline trends NNE-NE and lies in the Eastern Sichuan fault zone. There are two buried reverse faults with N-E strike located on the northwest and southeast sides of Jiannan anticline. The Taipingzhen reverse fault is on the northwest side and has an offset of 1830 m. The Shisheng-Kuashimiao fault on the southeast side has an offset of less than 350 m. These reverse faults disappear upward in the Lower Triassic Jialingjiang Fm. gypsum and downward in the Silurian shale. Seismic data suggests a horst that has been modified into an anticline (Fig. 3) . The strata below the layer of Ordovician rocks and Jurassic-Middle Triassic evaporates are mainly monoclines or simple anticlines with few faults. The study region experienced multiple episodes of uplift and notably the Late Silurian Caledonian movement and late Middle Triassic Indosinian movement (Ma et al., 2004) . Late Caledonian movement caused erosion of the Upper Silurian strata across the region and the loss of Lower Devonian and Lower Carboniferous rocks. Indosinian movement caused the overall uplift of the region, and is associated with a transgression. The Shizhu uplift eroded the Middle Triassic strata. After Jurassic deposition, the Yanshan and Himalayan Movements led to intense folds with large amplitude and thrusts with large displacement.
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Figure 3. Seismic cross section of profile 33.5 in the Jiannan Gas Field showing the structural and stratigraphic control of the gas field and various reservoir intervals.
Source-reservoir-caprock assemblages
The marine source rocks include the Lower Cambrian mudstone, Lower Silurian shale, Permian mudstone and coal measures; our exploration target was focused on the Silurian and above. The Lower Silurian Longmaxi Fm. source rock is a set of graptolite-bearing shales with high TOC values. Based on measurement of source rock samples collected from the Huangcaochang section and the core of Well Li 1 (Fig. 4) , the thickness and average TOC values for the black shale at bottom of Longmaxi Fm. were 73.3 m and 45.5 m, and 3.01% and 1.65%, respectively, with V Ro between 2.90-3.53% (Liang et al., 2009) . The average thickness of Permian mudstone is 54 m with an average TOC value of 3.7%, and V Ro between 2.1% -2.8%.
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Origin and filling model of natural gas in Jiannan Gas Field, Sichuan Basin, China Figure 4 . Total organic carbon distribution of the marine source rocks in the Sichuan Basin.
Four sets of reservoirs were developed in the Jiannan Gas Field: (1) grain limestone in Member 1 of the Lower Triassic Jialingjiang Fm.; (2) oolitic limestone in Member 3 of Feixianguan Fm.; (3) bio-reef limestone in Permian Changxing Fm.; and (4) fine crystal dolomite and dolomite breccia in Carboniferous Huanglong Fm. The single layer thickness of the grain limestone in Member 1 of the Jialingjiang Fm. ranges from 0.1 to 1 m, with an average porosity of 0.96%. It is a fractured reservoir (Wang et al., 2008a) . The lithology of the Feixianguan Fm. reservoir comprises of limestone and dolomite in oolite beach facies, with a maximum porosity of 4.0% for limestone (the average value = 2.22%). The maximum porosity of the dolomite reservoir is 13.4% with the thickness of 0.2-4.0 m, but the dolomite has a lens shape and a discontinuous distribution. The Changxing bio-reef is about 24-32 m thick with an average porosity of 3.21%, and has dolomite intracrystalline pores and intercrystalline solution pores as the main pore types. The Carboniferous Huanglong reservoir occurs in the north of Jiannan Gas Field with the residual thickness of 20-28.5 m and the secondary porosity of 1.8-4.46%.
The cap rocks in the Jiannan Gas Field contain gypsum-salt and mudstone layers. 
RESULTS

Gas geochemistry
The geochemical compositions, stable carbon and hydrogen isotopic compositions of the gases in the Jiannan Gas Field are listed in Table 1 . As shown in Table 1 , natural gases in the Jiannan Gas Field are dominated by hydrocarbon gases with relatively low CO 2 , N 2 and H 2 S contents. The CH 4 and C 2 H 6 contents range from 87.26% to 98.63% (average value = 95.31%) and 0.09% to 1.39% (average value = 0.37%), respectively. The high gas dryness coefficient of 0.983-0.999 indicates a typical dry gas. The ranges of CO 2 and N 2 contents are 0.41% to 8.87% (average value = 2.53%) and 0.25% to 4.48% (average value = 0.93%), respectively. The H 2 S content varies between 0% and 4.34% (average value = 0.75%). The components of non-hydrocarbon gases vary for different gas reservoirs. While the Carboniferous Huanglong Fm. gas reservoir has relatively high N 2 content and low CO 2 and H 2 S contents, the gas in the Changxing Fm. gas reservoir has relatively high CO 2 and H 2 S but low N 2 content. The concentration of non-hydrocarbon gases in the Feixianguan Fm. and Jialingjiang Fm. gas reservoirs lies between those in the Huanglong Fm. and Changxing Fm. reservoirs.
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Origin and filling model of natural gas in Jiannan Gas Field, Sichuan Basin, China Table 1 . Natural gas chemical components and stable carbon and hydrogen isotope compositions in the Jiannan Gas Field.
Stable isotope compositions
The δ 13 C 1 , δ 13 C 2 , and δ 13 C 3 values for the Jiannan natural gases in the Carboniferous typically range from -37.4‰ to -30.8‰ (average value = -33.4‰), -41.8‰ to -33.7‰ (average value = -37.5‰), and -40.8‰ to -27.6‰ (average value = -35.8‰), respectively. The gas in Carboniferous display more negative δ 13 C 1 value than those in Upper Permian and Lower Triassic reservoirs. A singular reversal of stable carbon isotopes of gaseous alkanes (i.e. δ 13 C 1 ≥ δ 13 C 2 < δ 13 C 3 ) was observed for several gas samples. The distribution range of the δ 13 C CO2 values is from -7.1‰ to -2.9‰. According to organic and inorganic CO 2 classification pattern (Dai et al., 1996) , the CO 2 in Jiannan Gas Field is of inorganic origin. The Jiannan natural gas has the 3 He/ 4 He ratios of 0.69-2.44 × 10 -8 , which rules out the mixing of deep gas. The 4 He/ 20 Ne ratios, ranging from 1130 to 3127, are much higher than the atmospheric value and thus indicate that gas sampling and analytical procedures did not introduce air contamination. Therefore, the CO 2 was derived from thermal decomposition of carbonate.
DISCUSSION 4.1. Origins of gaseous alkanes
Carbon and hydrogen isotopes of gaseous alkanes in natural gases have been demonstrated to contain rich information about gas source precursor and the thermal maturity of gas formation (Schoell, 1980; Galimov and Frik, 1986; Dai et al., 2005; Hao et al., 2008; Liu et al., 2008a; Liu et al., 2009) . The carbon isotopic compositions of the gases are indicative of the precursor types and thermal maturity. Moreover, the hydrogen isotopes of gaseous alkanes have provided useful information on depositional environment of gas source precursors. Figure 6 shows carbon and hydrogen isotopic compositions of gaseous alkanes in Jiannan Gas Field. For comparison, we also plotted the geochemical data set of natural gases from the Sulige gas field in the Ordos Basin and the gas pools of the Tarim platform and foreland. As shown in Figure 6 , natural gases from the Jiannan Gas Field display the typical oiltype gas characteristics that were derived from the marine sapropelic organic matter, which is rather similar to natural gases in the platform area of the Tarim Basin (Huang,1999; Chen et al., 2000; Liu et al., 2007; Liu et al., 2008a) , rather than those in the Sunlige gas field and the foreland area of the Tarim Basin (Liang et al., 2003; Zou et al., 2006; Liu et al., 2007; Liu et al., 2008b) . Moreover, oil-type gas which originated from marine sapropelic matter displays lower δ 13 C (e.g. δ 13 C 2 <-28‰) and higher δD 1 values (δD 1 <-140‰) than coal-type gas with heavier carbon and lighter hydrogen isotopes (Xu and Shen, 1996; Xu et al., 2002; Dai et al., 2005; Liu et al., 2008a; Liu et al., 2009) . As shown in the plot of C 1 /C 1-4 vs. δ 13 C 2 (Fig. 7) , despite the high gas dryness coefficient, the natural gases in Jiannan gas field are similar to those in the platform area of the Tarim Basin rather than those in the Sunlige gas field and the foreland area of the Tarim Basin.
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By the comparison of the molecular proportions C 2 /C 3 vs. C 1 /C 2 (Prinzhofer and Huc, 1995) , it was found that the C 2 /C 3 ratios remained constant during primary cracking and increased dramatically during the secondary cracking of oils. In contrast, the ratio of C 1 /C 2 increased gradually during primary cracking and remained almost constant during secondary cracking. As shown in Figure 8a , the almost constant C 2 /C 3 ratios for Carboniferous gas indicate the secondary cracking of oils, whereas the weak sub-vertical trend for C 2 /C 3 and C 1 /C 2 in the Upper Permian and Lower Triassic gases shows great amounts of secondary cracking gas and minor contribution from primary cracking. In order to determine whether the gas in the Jiannan Gas Field was from . Relationship between gas dryness coefficient and δ 13 C 2 values of natural gases in the Jiannan Gas Field. primary kerogen cracking or secondary oil cracking, a modified model of C 2 /C 3 and δ 13 C 2 -δ 13 C 3 based on Prinzhofer's pattern (Prinzhofer and Huc, 1995) was applied, and the results from petroleum cracking experiments (Tang et al., 2000; Zhang et al., 2005) were integrated to determine the boundary of oil cracking. Although the low concentration of propane in the Upper Permian gases was not detected by chemical or carbon isotope measurement, all oil-type gas discovered in the Jiannan Gas Field falls in the area of oil and/or gas secondary cracking (Fig. 8b) . This observation for the secondary cracking of oil and gas is consistent with the geochemical characteristics of gaseous alkanes with high dryness coefficients and high carbon isotope values, and containing CO 2 from thermal decomposition of carbonates.
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Origin and filling model of natural gas in Jiannan Gas Field, Sichuan Basin, China The sapropelic organic matter was found to be composed of long-chain lipids with homogeneous carbon isotopes enriched in 13 C, and the carbon isotopic compositions of gaseous alkanes have a relationship with their carbon numbers (Chung et al., 1988) . Although the natural gases in the Jiannan gases field were sourced from the marine sapropelic organic matter, the convex pattern of carbon isotopic compositions of gaseous alkanes with their carbon numbers in the Jiannan Gas Field is observed , i.e. δ 13 C 1 ≥ δ 13 C 2 < δ 13 C 3 (Fig. 9) . Although there are numerous processes which can lead to partial reversal of carbon isotopic series Du et al., 2003; Dai et al., 2004; Hao et al., 2008; Liu et al., 2008b) , the following five possibilities in the sedimentary basins would be considered as main factors: (i) mixing of biogenic and abiogenic gases, (ii) mixing of sapropelic and humic gases, (iii) mixing of gases from two source rock intervals of similar kerogen type with different maturity, (iv) gaseous alkanes generated under high temperature and over pressure conditions, and (v) thermochemical sulfate reduction (TSR). The He ratio of 0.69-2.44 × 10 -8 for Jiannan natural gas indicates no mixing of biogenic and abiogenic deep gases. The results of closed-system pyrolysis for the shale and coal suggest that a partial carbon isotopic reverse of gaseous alkanes would occur at high temperatures (Xiong and Geng, 2000; Du et al., 2003; Yang et al., 2008) .
Only a partial carbon isotopic reversal of the heavier gaseous hydrocarbons exists when the pyrolysis temperature is higher than 550 ˚C (equivalent Ro >2.4%), such as δ 13 C 1 < δ 13 C 2 > δ 13 C 3 > δ 13 C 4 . However, these trends were not observed in the carbon isotopic reversal of CH 4 and C 2 H 6 by the mixing of thermogenic gases from different thermal maturity, because the humic organic matter (i.e. coal measure) in the Upper Permian Longtan Formation experienced similar thermal event with the sapropelic organic matter in Upper Permian marine mudstone. Thus, the carbon isotopic reversal of CH 4 and C 2 H 6 could be caused by the mixing of gases from different kerogen types rather than from two source rock intervals of similar maturity. Meanwhile, mixing of the higher mature oil-type gases in the Carboniferous reservoir and gases in the Upper Permian reservoir is negligible due to the presence of shale cap rock in Lower Permian Liangshan Formation. Therefore, the singular reversal of stable carbon isotopes of gaseous alkanes in the Jiannan Gas Field (i.e. δ 13 C 1 ≥ δ 13 C 2 < δ 13 C 3 ) may be caused by thermochemical sulfate reduction (TSR), since TSR alteration resulted in not only high gas dryness coefficient but also less negative δ
13
C 1 values, with δ 13 C 1 ≥ δ 13 C 2 < δ 13 C 3 Hao et al., 2008) .
Origin of H 2 S and TSR alteration
The source rocks in the East Sichuan Basin were deposited in marine or transitional environments. The source rocks or hydrocarbons generated from these rocks contain various amounts of sulfide. Sulfur content in Permian and Silurian source rocks ranges from 2.69% to 20.5% (average value = 8.9% for 16 samples), and from 25.5% to 48.7% (average value = 37.1% for 2 samples), respectively. The sulfur contents in solid bitumen range from 10.5% to 26.4% (average value = 16.5% for 24 samples (Zhu et al., 2006; Hao et al., 2008; Wang et al., 2008b) . Previous experiments have proven that molecular H 2 S were generated from sulfur-bearing organic matter and crude oils, while the amount of H 2 S generated depends on the pyrolysis temperature
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and the physicochemical properties of source rocks or crude oil and aqueous medium (Pan et al., 2006; . Although the lowest temperature threshold for the onset of TSR was proposed to be in the range of 120 to 140˚C (Machel et al., 1995; Worden et al., 1995; Worden and Smalley, 1996; Cai et al., 2003) , the actual temperature in the gas reservoir would be higher and the sulfur-bearing oil would also be thermally cracked under this temperature condition. Therefore, TSR and thermal decomposition of sulfur-bearing organic matter happens concurrently.
It has been shown that the most favorable condition for TSR is sulfate solutions containing Mg 2+ directly in contact with hydrocarbons (Zhang et al., 2007) . If there is both absence of Mg 2+ ion in the aqueous medium and insufficient contact of hydrocarbons with sulfate, it is unfavorable for TSR to occur. Based on fission track data and thermal maturity model calibrated using measured bottom-hole temperature and vitrinite reflectance, the burial and thermal history of the major stratigraphic intervals at Well Jianshen 1 was simulated by PetroMod software (Fig. 10) . Although the present geothermal temperature in Carboniferous reservoir at Jiannan Gas Field is less than 110 ˚C, the reservoir temperature before Paleocene was higher than 120 ˚C and reached up to the temperature threshold for TSR. Therefore, the H 2 S in natural gas was from thermal cracking of hydrocarbons and TSR, but the intensity of TSR in different reservoirs would vary and result in different proportions of H 2 S between TSR and thermal decomposition of sulfide from source rocks or hydrocarbons. The geochemical parameter patterns related to the H 2 S in Jiannan Gas Field are plotted in Figure 11 . A positive correlation between H 2 S and CO 2 occurs in the Upper Permian Changxing Fm. and Lower Triassic gas reservoir; in contrast, this correlation in the Carboniferous gas reservoirs does not exist (Fig. 11a) .
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Origin and filling model of natural gas in Jiannan Gas Field, Sichuan Basin, China Figure 10 . Burial and thermal history of the major stratigraphic intervals at the location of Well Jianshen 1. The model was built using the PetroMod software. Compaction and denudation were based on fission track data and thermal maturity model calibrated using measured bottom hole temperature and vitrinite reflectance data.
As shown in Figure 11b , the decrease of δ
13
C 1 values as H 2 S/(H 2 S+∑C 1-3 ) ratios increase suggests that the contribution of TSR-generated H 2 S to the gas reservoir was lower than that of H 2 S sourced from thermal decomposition of sulfide. According to the pattern of stable carbon isotopes of methane and ethane in sour gas reservoirs at different stages of TSR alteration and thermal stress in the Puguang Gas Field (Hao et al., 2008) , the singular reversal of stable carbon isotopes of gaseous alkanes occurred only at certain stage of TSR and thermal maturity, in which a lot of isotopically heavy methane produced from TSR was mixed into natural gas and caused the reversal of carbon isotopes of methane and ethane (δ 13 C 1 > δ 13 C 2 ) and the normal order of carbon isotopes of ethane and propane (δ 13 C 2 < δ 13 C 3 ). At the final stage of TSR and high thermal maturity, methane was produced from both TSR and secondary cracking of oil and gas, with the normal order of stable carbon isotopes of methane and ethane, and undetectable level of propane. As shown in Figure 11c , the trend between H 2 S and δ 34 S H2S for a few gas samples collected from the Carboniferous and Permian gas reservoirs is similar to that of Carboniferous and Permian gas in Wolonghe Gas Field . 
Gas-filling model 4.3.1. Carboniferous stratigraphic-structural gas reservoir
The Carboniferous gas reservoir is located in the northern high part of Jiannan anticline, with the present maximum thickness of 28.5 m. The east and west sides as well as the northeast side are controlled by Permian basal structure, and the southwest side pitches out of the Carboniferous Huanglong Formation. Drilling and reservoir rediction reveal that the Carboniferous Huanglong Fm. pitching occurs in the Wangmucheng-Tongluochui area at south of Well Jian 30. Carboniferous Huanglong Formation is absent in the southern part of Jiannan anticline. Gas and water distribution is controlled by present structure; Wells Jian 28, 13, 37, 34 and 32-1 have industrial gas flow at the upper part of the structure, whereas Well Jian 42 produces water at the low part. The gas-bearing reservoir is 264 m in thickness with an area of 53.03 km 2 and proven gas reserve of 21×10 8 m
3
. The Carboniferous reservoir rock was made up of intertidal penecontemporaneous dolomite with sludge and fine crystal compositions, and the intercrystal pores were developed. Moreover, factures in the Carboniferous reservoir of Jiannan Gas Field were developed as abundance of gravels and granules in the intertidal sediments caused intergranular space, desiccation crack and tear. After the basinal uplift in the Kunming movement (corresponding to the Asturian movement at about 302 Ma), pores and factures were eroded and enlarged by meteoric water, with dissolved porosity of 1.8-4.46%. During the Late Permian-Early Triassic period, the Silurian shale entered the oil generation peak and a large amount of the generated oil migrated into the Carboniferous trap along the paleo-weathering crust unconformity. Since Jiannan was located in the lower slope of the palaeohigh, it acted as an oil migration path rather than a pool (Ma et al., 2004) .
At Late Triassic, the Silurian source rock reached the high-over maturity stage, and the crude oil in Carboniferous reservoir started cracking into natural gas. The low concentration of sulfate ion in the Carboniferous reservoir and the lack of Mg 2+ bearing gypsum were not favorable for TSR to happen. Thus, the contribution of TSRgenerated H 2 S to Carboniferous gas reservoir would be limited, and the H 2 S sourced from thermal decomposition of sulfide would be more. Additionally, H 2 S would also react with Fe 2+ bearing clastics in Carboniferous reservoir and lower the H 2 S content. During Yanshan-Himalayan Movement, an echelon structure in the NNE and NE strike was formed inside the Shizhu synclinorium, which was accompanied by continuous basin uplift and the formation of Carboniferous structural trap. Finally, the secondary cracking gas migrated into the Carboniferous structure-fracture gas reservoir (Fig. 12) .
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Upper Permian structural-reef gas reservoir
The buried bio-reef in the Upper Permian Changxing Formation is distributed in the northern part of Jiannan anticline. The architecture of the bio-reef (i.e. ramestone, bondstone and bafflestones) was composed of sponge, stromatopora, bryozoan and blue-green algae. Its maximum thickness is 60 m. The thickest reef core is in the area between wells Jian 7-16, and the reef flank disappears in north of wells Jian 41, 49 and 3. The reef is 4.5 km in width with an area of 15 km 2 . Wells Jian 16, 40 and 44 at the high position of the structure had industrial gas flow, while Well Jian 7 at the low part produced water. According to pressure calculation for wells Jian 16 and 7, the reef gas reservoir at north of Jiannan anticline has a unified pressure system. During Late Triassic period, the Upper Permian source rock entered the oil generation peak. The Upper Permian Changxing Fm. bio-reef reservoir preferentially accepted the oil because of being closest to the hydrocarbon kitchen. The homogenization temperature of 60-80 ˚C and gas-liquid inclusion in calcite cement inclusion suggests that primary migration occurred in the Indosinian period. The gas inclusion with homogenization temperature of 110-150 ˚C in coarse sparry calcite cement indicates that the oil started cracking into natural gas at the Early Jurassic period. But the secondary cracking gas was not trapped largely. The Jiannan anticline was formed at the Yanshan Movement from Late Jurassic to Early Cretaceous, and a large amount of secondary cracking gas was accumulated in the anticline trap.
Lower Triassic stratigraphic-structural composite gas reservoir
Two burial abnormal faults of Taipingzhen fault and Shisheng-Kuashimiao in the NE direction cut the northwest and southeast sides of the Jiannan anticline, respectively, and they disappear inside the Lower Triassic Jialingjiang Fm. gypsum. The Lower Triassic Feixianguan Fm. gas reservoir was controlled by structural trap, where water wells were developed outside the trap, but gas wells, dry wells and gas-bearing wells were developed inside the trap. The production of single gas well is related with the amount of fractures. Wells Jian 15 and 35 in the central structure have the highest production and the side wells have the lowest production. The gas and water distribution is clearly controlled by structural trap. The southeast side of the trap is blocked by Kuashimiao fault. Wells Jian 15, 35 and 45 at high position of Jiannan anticline produce gas, while well Jian 68 at low position produces both water and gas. The partial deposits in the Middle Triassic were eroded since the Indosinian Movement caused the uplift of the basin. Although primary migration of Permiansourced oil would happen in the Indosinian period, only small amounts of oil were trapped in the Lower Triassic reservoir based on the bitumen concentration. At early Jurassic stage, the temperature reached the threshold of TSR onset and secondary cracking of oil, but the short burial history produced limited amounts of H 2 S. At late Yanshanian stage, many anticlines, faults and fractures in the East Sichuan Basin (including Jiannan Gas Field) were formed by Jiangnan-Xuefeng uplifting and Daba Mountain thrusting. H 2 S-bearing gas migrated upward along unconformity and faults, and accumulated in the Lower Triassic Feixianguan Fm. and Jialingjiang Fm. gas reservoirs. The long migration distance significantly reduced the H 2 S content, which was even undetected in the Jialingjiang Fm. gas reservoir. During Himalayan period, the basinal uplift caused the gas to migrate along faults, fractures and regional permeable layers (i.e. unconformable surface) into upheaval and low-pressure positions and accumulate in different traps of high position, side and end of anticlines and the footwall of faults.
CONCLUSIONS
The origin, source and filling model of natural gas from Jiannan Gas Field was proposed based on chemical and stable isotopic compositions of natural gas in combination with geological background and tectonic evolution in the Sichuan Basin. The natural gas in Jiannan Gas Field originated from an oil-prone marine source rocks in the Silurian and Upper Permian. The oil-type gases in the marine gas reservoirs were derived from secondary cracking of oil and/or gas. TSR resulted in an increase in dryness of the natural gas with a simultaneous enrichment of methane in 13 C isotope and a unique trend of δ 13 C 1 ≥ δ 13 C 2 < δ 13 C 3 . Although TSR caused the formation of H 2 S, the low H 2 S concentrations in the Carboniferous gas reservoirs were attributed to the absence of Mg 2+ bearing gypsum and the consumption of H 2 S by Fe 2+ bearing clastics. The low H 2 S content in the Lower Triassic gas reservoirs was most likely due to loss from the longer migration distance along unconformity surfaces and faults. In the Carboniferous gas reservoirs, the natural gas stems from secondary cracking of oil and gas sourced from the Silurian shale. The Upper Permian gas was mainly derived from the Upper Permian mudstone and the secondary cracking of the oil sourced from Upper Permian. The Lower Triassic natural gas was primarily from secondary cracking of the Permian-sourced oil.
